Sleep appears to be a universally conserved phenomenon among the animal kingdom but whether this striking evolutionary conservation underlies a basic vital function is still an open question.
be identified, neither in nature nor through artificial laboratory screenings. We know that some species -such as elephants (16) or giraffes (17) -have evolved to cope with limited amount of sleep and several genetic mutations conferring short sleeping phenotypes in flies, rodents, and humans have been characterised in the past two decades (reviewed in (18) ); some animals are also able to forego sleep for days or weeks in particular ecological conditions (16, (19) (20) (21) , but the identification of a constantly sleepless animal can be considered a holy grail of the field.
Given that we do not possess a description of sleep at the cell-biological level, in all animals sleep quantification rely exclusively on bona fide macroscopic correlates, either electrophysiological or behavioural. Therefore, a technological development able to improve the characterisation of such correlates may provide a more accurate description of sleep, laying the conditions for a more specific sleep deprivation procedure. To this end, we recently created a system that allows for a faithful high-throughput analysis and manipulation of Drosophila sleep using activity as its behavioural correlate (ethoscopes (22) ). Here, we report two surprising findings that were uncovered using such system, challenging the notion that sleep is a vital necessity: the discovery of virtually sleepless flies, and the finding that chronic sleep restriction is largely not lethal in Drosophila melanogaster.
Results

Virtually sleepless flies are found in a non-mutant population
Prolonged periods of inactivity are an evolutionary conserved, experimentally convenient behavioural correlate of sleep (23) . Absence of movement is therefore routinely used as a proxy to measure sleep across a wide range of animals, spanning from jellyfish to elephants (16, 24, 25) . In Drosophila too, sleep can be estimated by measuring the absence of walking bouts, generally using a commercially available device to detect whenever an isolated fly crosses the midline of a tube (26) .
This system, however, provides only limited spatial resolution which -unsurprisingly -results in an overestimation of sleep amounts (27) . A growing number of laboratories are therefore transitioning to more accurate systems based on computer assisted video-tracking (27) (28) (29) (30) (31) . To further improve our confidence in sleep estimation, we recently introduced a machine-learning approach that uses supervised learning to detect not only walking activity, but micro-movements too: e.g. in-place movements such as grooming, egg-laying, and feeding (22) . How much do flies really sleep when, beside their walking activity, we measure their micro-movements too? To answer this question we analysed sleep for four consecutive days in 485 male ( Fig. 1A ) and 881 female ( Fig.  1B ) socially naive CantonS flies, a commonly used laboratory "wild-type" strain. As expected, in both males and females, sleep amounts were widely distributed, with male flies sleeping for 618.5, CI 95% = [606.7, 630.3], minutes a day and female flies for 299.2, CI 95% = [288. 8, 309.6] , minutes a day (mean, 95% bootstrap confidence interval; Fig. 1B ). Interestingly, the distribution of sleep amount in females was wider than in males, with a long tail uncovering a previously undescribed fraction of short-sleeping female flies: 50% of female flies slept less than 20% of their time and 6% slept for less than 5% of their time (72 minutes a day). At the very end of the curve lied three flies that spontaneously slept an average of 15, 14, and 4 minutes a day respectively ( Fig. 1A and Fig. S1 ). In 
Micro-movements explain the short sleeping phenotype
Short sleeping flies have been identified in the past, either through experimental selection (32, 33) , or through selected mutagenesis (34) , but flies (and in fact animals) sleeping as little as few minutes a day where never identified before. To confirm the validity of our results, we reviewed the positional tracings of all 881 female flies in the dataset (Fig. S1 ), and acquired and reviewed videos for 19 flies with representative sleep amounts ranging from 823 to 42 minutes a day, to compare the tracking record at the single fly level ( ♂ movement episode, whilst in males 411.4, CI 95% = [404.2, 418.8], minutes did; mean, 95% bootstrap confidence interval). As expected, micro-movements ( Fig. 2B ) and movements that do not span the entire tube length ( Fig. S1 ) are responsible for the quantitative difference in sleep analysis between recording platforms ( Fig. 2C ). Importantly, female micro-movements and quiescence are spatially ( Fig. 2D ) and, to a certain extent, temporally ( Fig. 2A ) exclusive: 37.3%, CI 95% = [36.9, 37.7], of the micro-movements happen at night (ZT12-ZT21), of which 51.3%, CI 95% = [50.3, 52.2], within 4 mm from the food ( Fig. 2A and 2D respectively, green). In short, expanding on previously reported findings (36, 37) , micro-movements in females are concentrated to those times of the day when flies are known to increase feeding activity (i.e. during mid-day and in the early phase of the night), mostly located by the food and away from the preferred site for quiescence (Movie S1 and Fig. 2 ),
suggesting that the micro-movements observed in female flies are not a sleeping-related behaviour but a feeding-related behaviour. Figure 1A ,B.
Qualitatively different types of short sleeping females
High-throughput ethoscope analysis allowed us to identify wild-type female flies that sleep as little as few minutes a day ( Fig. 1B, Fig. S1 ). Could this be a peculiarity of some virgin flies, hence an ethological laboratory artefact? In Drosophila, mating status is known to be acting as a major behavioural switch (38) that modifies, among other behaviours, the animals dietary preference (36, 39) and their preference for feeding time (40) . However, reaching sexual maturity only few hours after ecdysis, virgin female flies are likely to be a rare occurrence in the wild (41, 42) . To test how 
Figure 3
Geissmann, Beckwith et al. immobility trigger adopted (Fig. 4B,F) whilst the number of stimuli delivered was inversely correlated (Fig. 4C,G) . Interestingly, in all cases could we observe a statistical significant sleep rebound in the first 3 hours following the sleep deprivation, also when the sleep loss was not statistically different than control (Fig. 4F , 840 s and 1000 s inactivity triggers). In particular, Fig. 6C to Fig. 5A ). Intriguingly, whilst in male flies rebound sleep was again limited to the first three hours of rebound day, in female flies the observed sleep rebound was quantitatively modest but appeared to be protracted in time for the subsequent three days, at least ( Fig. 6B and 6D ). Because the tube rotations were triggered by immobility, we could use the number of rotations (Fig. 6F, dashed lines) and the distance walked (Fig. 6F, continuous 120  220  300  420  540  680  840  1000  Control  20   60  120  220  300  420  540  680  840  1000  Control  20   60  120  220  300  420  540  680  840  1000  Control  20 immobility trigger (s) immobility trigger (s)   49  47  51  65  46  53  51  53  52  204  147  Ns  57  54  56  60  59  60  59  62  60  284  181  Ns   B   60  120  220  300  420  540  680  840  1000  Control  20   60  120  220  300  420  540  680  840  1000  Control In both male and female flies, the main changes in sleep pressure were cycling in a circadian fashion, with the clock-regulated bouts of walking activity still showing no sign of subsidence, despite the long sleep deprivation (Fig. 6F) . In other words: when the circadian clock commands activity, the flies are active also after days and days of cumulating sleep pressure. In fact, seasonal decomposition of rotations over the 9.5 d of sleep deprivation confirmed that only a small amount of the variance in sleep pressure is explained by the long range trend in sleep deprivation (21% in males and 11% in females, Fig. 5F ), whilst the main contributor of sleep pressure is indeed circadian periodicity (69% in males and 61% in females, Fig. 5F continuous lines) . These data, taken together, clearly indicate that the main stimulus to rest in flies is driven by the circadian clock.
Discussion
The idea that sleep fulfils a vital biological need -we initially argued -relies on one fundamental question: can we find an animal able to survive without sleep? According to the data presented here, the answer could be "yes". In wild type Drosophila melanogaster the need for sleep is not a vital necessity and lack of sleep -either endogenously driven (Fig. 1 ) or artificially imposed ( Fig. 4 and 6) -is compatible with life. The utmost conceptual importance of these findings commands caution, and caveats must be critically examined. Most importantly, we cannot rule out that, in our experiments, flies still experience enough sleep to satisfy an hypothetical vital need. In other words, prolonged or consolidated sleep is not a vital necessity but intervals of sleep that last only few seconds (20 s in most experiments here presented) may be sufficient to satisfy whatever basic biological need sleep may serve. Behavioural correlates of sleep have been described in virtually every animal that has been studied so far, connecting species as different as jellyfishes and humans (25, 46) , and have demonstrated that sleep amounts vary dramatically across the animal kingdom.
For instance, elephants sleep as little as 3 hours a day (16) , Tinaja cavefish as little as 2 hours a day (47) , whereas little brown bats sleep, on average, 20 hours a day (46) . No existing model of sleep function can account for this variability. One intriguing possibility, which we propose to the reader here, is that sleep should not be seen as a monolithic phenomenon but rather as the mixture of inactivity" (2) or "trivial function of sleep" (3) and would postulate that at least a fraction of sleep would serve no core biological function other than circadianly syncing periods of wakefulness in the most ecologically appropriate manner, for instance keeping animals out of danger or restricting their activity to gain safety and rest. Can we accept that a good fraction of those 20 hours of sleep a brown bat requires is driven by the evolutionary adaption of staying "out of trouble"? And, if this is intuitively easy to accept for bats, why should it not be universally true?
Other vital needs, such as feeding, follow a similar three-partite subdivision, with a given amount of calories and nutrients being vitally needed, some useful, and some merely accessory -and even detrimental.
In our experiments, we may have removed the last two components (accessory and useful) but left enough sleep to satisfy a yet mysterious vital need, even if in the form of short bouts lasting few seconds each. We also uncovered an interesting sexual dimorphism in terms of undisturbed sleep need and in terms of response to sleep deprivation: whilst female flies are able to cope with much less sleep in baseline conditions, they are more sensitive to sleep deprivation, with an extended rebound upon long sleep restriction ( Fig. 6B and D) and a moderate but significant effect on lethality upon life-long sleep deprivation (Fig. 4 ). This sexual dichotomy may be instrumental in the future to dissect the difference between the three-partite components.
At first sight, the results presented here appear to be clashing with some of the existing knowledge. In our view, they command, instead, for a thorough review of existing sleep deprivation literature. The experiments of chronic sleep deprivation performed in dogs pups at the end of 1800s are universally considered too primitive to be trustworthy and too unethically stressful to be reproducible in modern times (6) . The early Drosophila experiments were too preliminary to depict a whole picture, marred by a limited number of animals (12 individuals) and by the adoption of a procedure that is not easily reproducible (human experimenters finger tapping on the tubes) (10).
Other Importantly, transmitted (50) and transgenic mouse models (51) of FFI reproduce clear signs of neurodegeneration and premature death, but not sleeplessness suggesting that, in humans, the insomnia is a symptom of the disease but not necessarily the cause of death (52) . In conclusion, we believe our results clearly show that the time is ripe for the field to revisit the dogmatic believe that sleep serves a unique, evolutionary conserved, function.
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